Gap-junctional channels are formed by two connexons or gap-junctional hemichannels in series, with each connexon conformed by six connexin molecules. As with other membrane proteins, structural information on connexons can potentially be obtained with techniques that take advantage of the highly specific thiol chemistry by positioning Cys residues at locations of interest, ideally in an otherwise Cys-less protein. It has been shown that conserved Cys residues located in the extracellular loops of connexins are essential for the docking of connexons from adjacent cells, preventing the formation of functional gap-junctional channels. Here we engineered a Cys-less version of connexin 43 (Cx43) and assessed its function using a Xenopus oocyte expression system. The Cys-less protein was expressed at the plasma membrane and did not form gap-junctional channels but formed hemichannels that behave similarly to those formed by Cx43 in terms of permeation to carboxyfluorescein. The carboxyfluorescein permeability of Cys-less hemichannels was increased by protein kinase C inhibition, like the wild-type Cx43 hemichannels. We generated a protein with a single Cys in a position (residue 34) thought to face the channel pore and show that thiol modification of the Cys abolishes the carboxyfluorescein permeability. We conclude that Cysless Cx43 forms regulated functional hemichannels, and therefore Cys-less Cx43 is a useful tool for future structural studies.
Gap-junctional channels are formed by two connexons or gap-junctional hemichannels in series, with each connexon conformed by six connexin molecules. As with other membrane proteins, structural information on connexons can potentially be obtained with techniques that take advantage of the highly specific thiol chemistry by positioning Cys residues at locations of interest, ideally in an otherwise Cys-less protein. It has been shown that conserved Cys residues located in the extracellular loops of connexins are essential for the docking of connexons from adjacent cells, preventing the formation of functional gap-junctional channels. Here we engineered a Cys-less version of connexin 43 (Cx43) and assessed its function using a Xenopus oocyte expression system. The Cys-less protein was expressed at the plasma membrane and did not form gap-junctional channels but formed hemichannels that behave similarly to those formed by Cx43 in terms of permeation to carboxyfluorescein. The carboxyfluorescein permeability of Cys-less hemichannels was increased by protein kinase C inhibition, like the wild-type Cx43 hemichannels. We generated a protein with a single Cys in a position (residue 34) thought to face the channel pore and show that thiol modification of the Cys abolishes the carboxyfluorescein permeability. We conclude that Cysless Cx43 forms regulated functional hemichannels, and therefore Cys-less Cx43 is a useful tool for future structural studies.
Gap junctions are aqueous channels that connect neighboring cells electrically and chemically by mediating permeation of inorganic ions and solutes of M r Ͻ 1000 (Ref. 1 and reviewed in Ref.
2). They are formed by two connexons or gap-junctional hemichannels in series with each connexon conformed by six connexin molecules (3) (4) (5) . In addition, gap-junctional hemichannels have been identified in the plasma membrane of native cells and cell lines (6 -8) where they appear to participate in a number of physiological and pathophysiological processes (6 -15) . Because of the roles of gap-junctional channels in development, organ function, and disease processes and the possible physiological and pathophysiological roles of gap-junctional hemichannels (see Ref. 2) , there is considerable interest in understanding the structure and regulation of connexons. Despite all the effort devoted to study connexins, basic aspects of the structure and function of the protein remain unknown.
The connexin 43 isoform (Cx43) 1 is expressed in organs such as the brain, myocardium, and kidney as well as in capillary endothelial cells (16 -22) . A medium resolution structure of this connexin, without the C-terminal domain, has been solved by cryoelectron microscopy of two-dimensional crystals (4, 5) . These structural studies, however, have not provided unambiguous information on helix packing, the residues that form the pore, or the structure of the regulatory C-terminal domain. Studies in which native residues were substituted with Cys and then reacted with thiol reagents, however, suggest that transmembrane segments 1, 2, and 3 (M1-M3) are the helices lining the pore (23) (24) (25) . These studies show the power of the combination of biochemical and functional studies to address specific structural aspects of connexins. However, a major limitation for the interpretation of those studies is that Cys mutagenesis was performed on a protein that contains nine native Cys residues. Therefore, effects that depend on reaction of the thiol reagents with the native Cys residues cannot be ruled out. Independently of the future success of structural studies, detailed biochemical, biophysical, and structural studies will also be needed to elucidate how connexins work. This is because both dynamic studies and studies under native conditions are necessary but impossible to perform in crystals of membrane transport proteins. Important structural information can be obtained from the combined use of highly specific sulfhydryl reagents and recombinant DNA technology that allows for the placement of Cys residues at locations of interest in an otherwise Cys-less protein.
It has been shown that Cys residues located in the extracellular loops of Cx43 are essential for the docking of connexons from adjacent cells and thus for the formation of functional gap-junctional channels (26, 27) . Six Cys residues, three on each extracellular loop, are highly conserved in the connexin family, and it has been shown that four Cys residues form intramolecular disulfide bonds without inter-connexin bonds (28 -30) . It has been suggested that the extracellular loops form a stacked antiparallel ␤-sheet structure connected by these interloop disulfide bonds, forming finger-like structures that interdigitate with the equivalent loops from the opposing connexon to form the gap-junctional channel (see Refs. 2 and 31). This results in a highly packed structure impermeable even to small solutes, isolating the intercellular channel from the extracellular space.
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nexins should not form gap-junctional channels (26, 27, 31) , it is still possible that Cys-less connexins form hemichannels. Several studies have shown that connexin hemichannels constitute a good simple model of the gap-junctional channels (see Ref. 2) . In the research presented here, we explore the hypothesis that the conserved, as well as the non-conserved, connexin Cys residues are not necessary for Cx43 to form functional hemichannels.
MATERIALS AND METHODS
To generate the Cys-less Cx43 (CL Cx43D2), we used a rat Cx43 DNA with a partial deletion at the C-terminal domain (Cx43D2). Details on the proteins studied are schematically presented in Fig. 1 . We have recently shown that Cx43D2, i.e. Cx43 with partial deletion of the C-terminal domain (deleted residues underlined in Fig. 1 ) forms connexons that are permeable to hydrophilic organic solutes just like those formed by full-length wild-type Cx43 (40) . This was assessed from the magnitude of the 5(6)-carboxyfluorescein (CF) flux and its regulation by PKC-mediated phosphorylation (40) . Because Cx43D2 lacks two Cys residues ( Fig. 1 ) that are not essential for CF permeation or the regulation of CF permeability by PKC-mediated phosphorylation (40), we decided to engineer the Cys-less Cx43 variant from Cx43D2. CL Cx43D2 was engineered by site-directed mutagenesis of the Cx43D2 DNA, using the QuikChange multisite site-directed mutagenesis kit (Stratagene, La Jolla, CA). We used the following mutagenic primers (mutated bases underlined): 5Ј-GCCTTTCGCGCTAACACTCAACAAC-CTGGCGCCGAAAACGTCGCCTATGACAAGTC C-3Ј (for Cys 54 ), and 5Ј-CACCACTGGCACTAGCGCTTCCTCACCAACGGC-3Ј (for Cys 271 ). The mutant CL Cx43D2-I34C was also generated by site-directed mutagenesis using the primer 5Ј-GCTCTTCATATTCAGATGCCTGCTCC-TGGGG-3Ј (mutated bases underlined).
Isolation of Xenopus laevis oocytes, synthesis of cRNA, and oocyte injection were performed as described (33, 40) . Oocytes were generally injected with 7.4 ng of antisense Cx38 oligonucleotide (to reduce endogenous expression of Cx38 (34, 40) 
To record the junctional current (I j ) the oocytes were injected with 1-2 ng of Cx43, Cx43D2, or CL Cx43D2 cRNA plus antisense Cx38. The cells were incubated in Barth's solution for 24 h and then exposed to a hypertonic solution (200 mM potassium aspartate, 20 mM KCl, 1 mM MgCl 2 , 10 mM EGTA, and 10 mM Hepes/KOH, pH 7.5) for 10 min before the vitelline membrane was mechanically removed, as described previously (35) . The oocytes were then paired with the vegetal poles facing each other and incubated in Barth's solution for 4 -48 h prior to the electrophysiological measurements using the dual two-microelectrode voltage clamp technique (36) . The microelectrodes were filled with 3 M KCl and had resistances of 1-2 megohm when immersed in ND 96 solution (in mM: 96 NaCl, 2 KCl, 1 MgCl 2 , 1.8 CaCl 2 , and 5 Hepes/ NaOH, pH 7.4). The two cells of a pair were clamped at Ϫ60 mV, and a transjunctional potential was generated by stepping the voltage of one oocyte from Ϫ60 mV while holding the voltage in the other at Ϫ60 mV. The current supplied to the cell maintained at Ϫ60 mV was equal in amplitude but opposite in sign to I j , and the transjunctional voltage (V j ) was equal to the voltage difference between the voltage-clamped cell pair. Four-s V j steps were from Ϫ120 to 120 mV at 20-mV intervals, with the voltage of the cell clamped at Ϫ60 mV as reference.
Uptake of CF into the cells, SDS-PAGE, and Western blots of biotinylated plasma membranes were performed as described (33, 40) . The thiol reagent maleimidobutyrylbiocytin was obtained from Calbiochem and was added to the bathing solution to a final concentration of 100 M during the exposure to CF.
RESULTS

Fig
. 2A displays typical records of the gap-junctional currents measured in paired oocytes expressing Cx43, Cx43D2, or CL Cx43D2. As expected, significant gap-junctional currents were observed in the oocytes injected with Cx43. Junctional currents were also detected in the oocytes injected with the Cx43 deletion mutant Cx43D2. This observation supports our previous conclusion that this deletion mutant is functional (40) . I-V plots of the I j values measured 4 s after changing V j are shown in Fig. 2B . These results clearly show that Cx43 and Cx43D2 form gap-junctional channels. However, it is also evident that the current kinetics are different in cell pairs expressing Cx43 or Cx43D2. The junctional current elicited by 120 mV pulses in oocyte pairs expressing Cx43 was well fit by two exponentials of ϭ 110 Ϯ 19 ms and ϭ 8.3 Ϯ 1.3 s (n ϭ 13), denoting fast and slow junctional voltage gating, respectively. This is in agreement with previous studies (37, 38) . In contrast, a single exponential fit of similar to that of the slow gating of Cx43 channels ( ϭ 5.9 Ϯ 1.9 s, n ϭ 6) fits well the time course of the junctional current elicited by a 120-mV pulse in oocyte pairs expressing Cx43D2. Therefore, the difference in current kinetics can be explained by a loss of fast gating in the Cx43D2 deletion mutant channels. Similar changes were described in gap junctions formed by Cx43 truncated at Ser 257 (essentially complete C-terminal domain deletion; see Ref. 37) and by Cx43 with a green fluorescent protein variant (EGFP) fused to the end of the C-terminal domain (39) . Therefore, our results confirm the conclusion that the C-terminal domain is involved in the fast junctional voltage gating of Cx43. Fig. 2A also shows that junctional currents were not detected in the CL Cx43D2-expressing oocytes (similar to the waterinjected cells, not shown), although CL Cx43D2 was expressed at the plasma membrane, as shown by the Western blots of membranes biotinylated by a cell membrane-impermeable reagent (Fig. 2C) .
These results indicate that CL Cx43D2 is expressed at the plasma membrane and does not form functional gap-junctional channels. This is the case because the Cys residues of the extracellular loops are necessary for connexon docking (26, 27, 31) . The possibility exists that CL Cx43D2, expressed at the plasma membrane, is not functional as a hemichannel. Because the expression level of Cx43 hemichannels in oocytes is not sufficient to produce detectable currents, we addressed the functional state of CL Cx43D2 by measuring the CF uptake (40) . This method allows us to detect functional hemichannels in the oocytes by virtue of its high signal-to-noise ratio. The CF influx in the absence of Cx43 activation is very low, whereas the background oocyte currents are larger than the expected Cx43 hemichannel currents. Fig. 3A shows that in oocytes expressing Cx43D2, inhibition of PKC by calphostin C elicits an increase in CF permeability, which results in a larger CF uptake, confirming recent observations from our laboratory (40) . This regulation by PKC-mediated phosphorylation is similar to that described for gap-junctional channels (32) and is present in both Cx43 and Cx43D2 (40) . Fig. 3A also shows that a similar PKC-regulated CF permeability is observed in oocytes expressing CL Cx43D2, suggesting that CL Cx43D2 forms functional hemichannels. To confirm the involvement of CL Cx43D2 hemichannels in the permeability to CF, we carried out additional experiments on a mutant in which a Cx43 residue thought to contribute to the pore lining (Ile 34 homologous to Cx32 Ile 33 ; see Ref. 23 ) was substituted with a Cys. Fig. 3B shows that this mutant also shows PKC-regulated CF permeability similar to that of CL Cx43D2. Exposure to the thiol reagent MBB (M r 538) blocks the calphostin C-induced CF permeability in CL Cx43D2-I34C, whereas the reagent does not affect it in the CL Cx43D2. DISCUSSION Our results indicate that CL Cx43D2 forms functional hemichannels and therefore none of the Cys residues is essential for Cx43 synthesis, processing, or targeting to the plasma membrane. Although, as expected (26, 27, 31) , the CL Cx43D2 hemichannels cannot dock with the hemichannels from an adjacent cell to form gap junctions, they are regulated by PKC- FIG. 3 . Functional expression of CL Cx43D2 hemichannels. A, PKC-regulated CF uptake. Oocytes injected with Cx43D2 or CL Cx43D2 cRNA were exposed to CF (2 mM for 40 min at 16°C), and the CF uptake was measured in the absence or presence of 1.5 M calphostin C (40-min exposure during the CF loading period). The data are presented as means Ϯ S.E. of n Ͼ 19 oocytes per condition and were normalized to the mean value measured in Cx43D2-or CL Cx43D2-expressing oocytes in the presence of the PKC blocker calphostin C. *, p Ͻ 0.05 compared with control. B, block of PKC-regulated CF uptake by a thiol reagent. The experiments were carried out in cells injected with CL Cx43D2 or CL Cx43D2-I34C cRNA. See A for details. Maleimidobutyrylbiocytin (MBB, 100 M) was present during the CF uptake period. Data are means Ϯ S.E. of n Ͼ 22 oocytes per condition and were normalized to the mean value measured in CL Cx43D2-or CL Cx43D2-I34C-expressing oocytes in the presence of calphostin C alone (no maleimidobutyrylbiocytin). *, p Ͻ 0.05 compared with calphostin C alone.
FIG. 2.
Gap-junctional currents in oocytes expressing Cx43, Cx43D2, or CL Cx43D2. A, representative I j traces recorded from a cell pair injected with Cx43, Cx43D2, or CL Cx43D2 cRNA. B, I-V plots of cell pairs expressing Cx43 (n ϭ 13), Cx43D2 (n ϭ 6), or CL Cx43D2 (n ϭ 5). The currents were measured 4 s after changing V j . C, plasma membrane expression of CL Cx43D2. Oocytes injected with antisense Cx38 (Ϫ) or antisense Cx38 plus CL Cx43D2 cRNA (ϩ) were biotinylated 2 days after injection (5 oocytes per condition) with an impermeant biotinylation reagent. The biotinylated membranes were purified based on their affinity for streptavidin, separated by SDS-PAGE, and immunoblotted using a specific anti-Cx43 antibody. The arrow points to CL Cx43D2. mediated phosphorylation similarly to hemichannels formed by wild-type Cx43 (40) .
Recently we presented compelling evidence supporting the notion that in frog oocytes injected with Cx43 cRNA, CF uptake occurs through Cx43 gap-junctional hemichannels (40) . However, blockers of gap-junctional channels and gap-junctional hemichannels are not specific, and it is possible that changes in Cx43 expression alter the expression of other pathways that can mediate the uptake of organic solutes of M r Ͻ 1000. Previous electrophysiological experiments using the combination of Cys scanning mutagenesis and the membrane-impermeable thiol reagent maleimidobutyrylbiocytin have shown that Ile-34 faces the hydrophilic pore of the Cx43 hemichannels (23) . Our results showing that exposure to maleimidobutyrylbiocytin specifically blocks CF uptake in cells expressing CL Cx43D2-I34C, without an effect on CL Cx43D2-expressing oocytes, demonstrate that the CF flux into the cells is via the hemichannels.
The observations that CL Cx43D2 is expressed at the plasma membrane as functional hemichannels with PKC-regulated CF permeability indicate that this protein constitutes an excellent experimental system to exploit the thiol-specific chemistry to test structural models of Cx43, study helix packing, interconnexin associations, and regulatory conformational changes, and identify residues lining the channel pore.
